The correlation of the isotopic composition of uranium, plutonium, neodymium, and cesium with the burnup for high burnup pressurized water reactor fuels irradiated in nuclear power reactors has been experimentally investigated. The total burnup was determined by Nd-148 and the fractional 235 U burnup was determined by U and Pu mass spectrometric methods. The isotopic compositions of U, Pu, Nd, and Cs after their separation from the irradiated fuel samples were measured using thermal ionization mass spectrometry. The contents of these elements in the irradiated fuel were determined through an isotope dilution mass spectrometric method using Cs as spikes. The activity ratios of Cs isotopes in the fuel samples were determined using gamma-ray spectrometry. The content of each element and its isotopic compositions in the irradiated fuel were expressed by their correlation with the total and fractional burnup, burnup parameters, and the isotopic compositions of different elements. The results obtained from the experimental methods were compared with those calculated using the ORIGEN-S code.
Introduction
To check the consistency of postirradiation analysis results, for example, mass spectrometric analyses, analytical techniques for chemical measurements, and information regarding reactor parameters and irradiation conditions, correlations between the parameters of irradiated nuclear fuels such as the concentrations of heavy elements and fission products, ratios of their isotopes, and total and fractional burnups were established [1e16] . Nuclear fuel in a reactor undergoes a variation in its isotopic composition, that is, the depletion of the fissile isotopes initially present, buildup of heavy elements, and buildup of fission products. The intrinsic coherence of isotopic abundances in irradiated fuels is Pu, and some fission product and heavy-element isotopic ratios in the irradiated fuel.
In this work, the dependencies of U, Pu, Nd, and Cs isotopic compositions on the burnup and other parameters, and the correlations between these element isotopes for the pressurized water reactor (PWR) uranium dioxide fuels irradiated to a high burnup in nuclear power reactors were experimentally characterized. The isotopic compositions of U, Pu, Nd, and Cs were determined by thermal ionization mass spectrometry and gamma-ray spectrometry, and the concentrations of those elements were determined using the isotope dilution mass spectrometric (IDMS) method using 233 U, 242 Pu, 150 Nd, and 133 Cs as spikes. Nd/mL, and 2.0000 mg 133 Cs/mL. The isotopic compositions of U, Pu, Nd,
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and Cs in the unspiked and spiked samples were determined using a thermal ionization mass spectrometer of the Finnigan MAT 262 type. The activity of gamma emitters for the samples diluted from the dissolved solutions was measured with a high-purity Ge coaxial detector (EG & G ORTEC) connected to a multichannel analyzer. The PWR nuclear fuels used in this work were irradiated to a high burnup of between 34 GWd/MtU and 62 GWd/MtU in three power reactors (arbitrarily, A, B, and C) in Korea for 1,200e1,400 days (EFPDs, effective full-power days), with various enrichments of 4.2e4.5 w/o, and then cooled for about 2 years for postirradiation analyses.
Irradiated fuel dissolution and sample preparation
The basic processes used in the PIE (post-irradiation examination) analytical laboratory for the burnup and isotopic determination are shown in Fig. 1 . In a chemical hot cell, the 
irradiated fuel sample (0.2e0.8 g) was kept in 8M HNO 3 without a catalyst for more than 12 hours at approximately 90 C. The dissolved fuel solution was weighed and an aliquot was diluted with 8M HNO 3 to give an 148 Nd concentration of approximately 200 ng/mL of solution, calculated using a reference data provided by the ORIGEN-S code. An aliquot of the diluted fuel solution was placed in a capped vial and transferred from the shielded facility into a glove box using a pneumatic transfer system.
2.3.
Separation and mass spectrometric measurement A chemical separation was carried out for both the unspiked and spiked sample solutions in a glove box without any heavy shielding by the sequential anion-and cation-exchange separation procedures detailed in our previous work [17] . Each concentrated solution of U, Pu, Nd, and Cs in the range of microgram to nanogram was loaded onto a triple rhenium filament and then measured. The mass discrimination bias factor and the contribution of natural Nd to all the Nd isotopes measured were corrected [18, 19] . The measured atoms of the radioactive Cs isotopes except 133 Cs were corrected for the decay during and after irradiation according to the equation in a previous work [17] .
Calculation of the burnup and burnup parameters
The fractional burnup (F 5 ) from the fission of 235 U was calculated using the following equation [20, 21] : The a 5 , capture-to-fission cross section ratio for 235 U, was calculated using the following equation, with atom ratios and the number of atoms determined by the IDMS method [22] :
where: 
3.
Results and discussion
Determination of isotopic composition by mass spectrometry
The contributions of various isobars to the Nd and Cs fractions were identified by monitoring the mass peaks from 140 to 149, and from 130 to 138, respectively. In this work, all the measured average ratios of Nd were corrected for mass discrimination and the contribution of natural contamination so as to achieve a high accuracy for the burnup measurement [18] . The measured atoms of the radioactive Cs isotopes ( 134 Cs, 135 Cs, and 137 Cs) were corrected for decay during and after irradiation according to the equation in [17] . After the mass spectrometric measurement and correction for Nd and Cs isotopes, the concentrations of U, Pu, Nd, and Cs in the sample solutions were determined by the IDMS method. Tables 2e5 show the contents of U, Pu, Nd, and Cs isotopes for each milliliter of the sample solutions, which were calculated for the date of the experiment.
3.2.
Determination of the effective fission yield Nd, and the sum of total Nd isotopes, etc.) methods for determining the burnup of spent fuel require a measurement of the amounts of Nd isotopes formed as fission products as well as those of uranium and plutonium by IDMS [17, 18] . The amounts of other transuranium elements remaining in the fuel are generally neglected in a burnup calculation. The successful application of these methods is influenced by accurate values of the effective fission yields for each Nd isotope monitors. In this work, the effective fission yields of the Nd isotope monitors were calculated from the fractional fission yields for each of the fissionable isotopes weighted according to their contribution to the fission. The effective fission yield calculated by this method has been adopted for burnup values of up to 10 atom% [24] , and is being applied in a standard test method for the burnup determination of uranium and plutonium fuel [18] . The fractional fission yields for each Nd isotope monitor used data from the ENDF/B-VI file [25] . The concentration of the fissionable isotopes required for the calculation used the results determined by IDMS. Table 6 shows the effective fission yields calculated for all Nd isotopes from the high burnup PWR fuel samples.
Determination of the burnup and the burnup parameters
Errors in burnup measurement introduce errors in the fuel design and operation, nuclear reactor calculations, shielding requirements, and design of the transportation equipment, all of which affect the power-generating costs. In 1974, Heck et al [28] reported a measured thermal neutron capture cross section for 147 Nd of 440 ± 150 barn. This value was about nine times larger than previous data. That is, the calculated number of fissions exceeded the actual number of fissions because of excess 148 Nd being produced from a capture on 147 Nd. The magnitude of this error is a function of the flux and fluence. This is especially significant for constant prolonged high-flux irradiations. Maeck et al [26] reported that these corrections range from a few percent for power reactor fuels to !20% for high-flux irradiations. Therefore, another approach is to use a different monitor, such as 145 Nd þ
146
Nd, because the sum of 145 Nd and 146 Nd appears to be invariant to the neutron flux and fluence. In this work, the number of fissions by the 148 Nd monitor was calculated with a correction for the excess 148 Nd produced from the capture on 147 Nd, where the correction factor (K factor) ranging from 0.8006 to 0.9985 was calculated on the basis of a continuous reactor operation according to the American Society for Testing and Materials E321-96 standard [18] . Table 7 shows the total burnup determined by the Nd isotope monitors, that is, 148 Nd, 145 Nd þ
Nd, and the total of the Nd isotopes for the high burnup spent fuel samples. The data obtained using other Nd isotope monitors, 145 Nd þ
Nd, and the total of the Nd isotopes, are in agreement with an average difference of 1.5% from that using the 148 Nd monitor. However, the total burnup values obtained by other Nd isotope monitors for a few samples showed a relative difference of only approximately 3% with that obtained by the 148 Nd monitor. It is assumed that this error from other Nd isotope Table 5 e Quantities of Cs in the high burnup pressurized water reactor fuel samples determined by the isotope dilution mass spectrometry.
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monitors is attributable to the contribution of neodymium isobars from natural contamination [27] . The use of other Nd isotopes in the determination of the total burnup for a nuclear fuel can be used to verify the value obtained for 148 Nd. In addition, no additional separation work or mass spectrometric analysis is necessary. The aforementioned fractional 235 U burnup (F 5 ) and burnup parameters can be used to identify reactor fuel information, to estimate the burnup and concentration of different nuclides, and to detect major systematic errors of postirradiated analyses. 
Isotope correlations
The relationships between isotopic ratios and burnup values provide an excellent basis for determining the internal consistency and hence the reliability of the data by chemical methods. These measured values can be used to provide the basis for improving the reactor burnup codes. The correlations between heavy element and fission product isotopes and burnup parameters show different linear dependences according to the enrichment and reactor types. In this work, PWR fuel samples with initial enrichments from 4.2 wt.% to 4.5 wt.% 235 U irradiated in different reactors are used for a correlation check. The experimental results for the spent fuel samples in this work were compared with the corresponding results calculated by the ORIGEN-S computer code. The input data for the spent fuels were 16 Â 16 (or 17 Â 17) UO 2 fuel types, 18-group SCALE in gamma energy, 27-group ENDF/B-IV in neutron energy, an initial enrichment of 235 U in wt.%, a specific power (MW/tU), a uranium weight of 1,000,000 g, an irradiation time (days)/cycle, and an elapsed time (days) after discharge from a nuclear reactor. Then, as a result of the code calculation, the data including the contents of radioisotopes for the actinides (U and Pu) and fission products (Nd and Cs) of interest are outputted.
Correlation between the burnup and heavy atom isotopes
The uranium fuel burnout process is characterized by a depletion of U isotopes ( Pu contents suffered from a high error, and thus they are not considered for constructing the dependence. In our previous work [15] , the linear dependences of U and Pu isotopes on the total burnup (F t ) in the low burnup PWR fuel samples were expressed using diagrams and equations. In this work, the dependences of the total burnup on U and Pu isotopic compositions (e.g., the Table 9 , respectively. The dependency of 235 U atom% on the total burnup from the experimental data of Reactor B samples with different initial enrichments of uranium (4.201 wt.% and 4.495 wt.%) is shown in Fig. 2 . As a result, the correlations 
showed different linear dependences according to the initial enrichment of uranium. The dependency of the 235 U/ 236 U atom ratios on the total burnup measured from the experimental data of Reactors A and B samples with similar initial enrichment of uranium is plotted in Fig. 3 together with that calculated by the ORIGEN-S code.
The predicted and measured results were in good agreement, and therefore, the 235 U/ 236 U atom ratio can be used as an estimator for the burnup with good confidence. However, the dependency of the 242 Pu/ 239 Pu atom ratios on the total burnup measured for the same fuel samples was high compared with the calculated values within the burnup range investigated (Fig. 4) . It seems that the disagreement between the experimental data and the calculated data can be attributed to the accuracy of the nuclear data used in the calculation, including the neutron flux, neutron spectrum effect, and other irradiation histories. Another reason for the disagreement is that the calculated data are obtained using the average burnup values estimated for the fuel rod, whereas the experimental data are obtained using the local burnup and isotopic composition for the samples taken locally from the fuel rod.
Correlation between the burnup and the burnup parameters
Using the aforementioned burnup parameters various correlations of the burnup with the total burnup (F t ) can be expressed. In our previous work [15, 16] , the correlations between the Pu/U mass ratio and the total burnup, and between the Pu/U mass ratio and the 235 U depletion (D 5 ) in the low burnup PWR fuel samples were shown. In this work, the 
dependences of D 5 on the total burnup, and the Pu/U mass ratio on D 5 determined experimentally in the high burnup PWR fuel samples are expressed by Eqs. (5) and (6) in Table 9 , respectively. All of the correlations between the burnup parameters and total burnup, and between different burnup parameters showed good linear dependences.
Correlation between the burnup parameters and heavy atom isotopes
In our previous work [15] , the correlations between D 5 and the Table 9 . These dependences show that the Pu content can be calculated based on known Table 9 . Some examples of other correlations between the U and Pu isotopic ratios are also shown in Figs. 7e10. 
Correlation between different heavy atom isotopes
Correlation between the burnup and neodymium isotopes
Because 148 Nd is commonly used as a monitor for the measurement of the amount of fission and burnup, the Nd isotopes can easily be used for a correlation at the same time as the burnup measurement. Some correlation studies involving Nd isotopes have been reported [4, 8] . Nd atom ratios) are expressed in Fig. 10 with data based on the total burnup determined by the 148 Nd monitor method. Some examples of the correlations of these Nd isotopic ratios with total burnup showed linearity through Eqs. (16e18) in Table 9 . The correlation of the 146 Nd/
145
Nd atom ratio with the total burnup measured from the experimental data of Reactors A and B samples with similar initial enrichments of uranium is also plotted with good linearity in Fig. 11 together with those calculated by the ORIGEN-S code. Therefore, it is possible to determine the burnup of irradiated PWR fuel within a few percent of difference from the correlations based on the Nd isotopic composition. The correlation of the 148 Nd/U mass ratio with the total burnup measured from the experimental data of the Reactors A, B, and C samples with similar initial enrichments of uranium is plotted with a good linearity in Fig. 12 . The relation between the 148 Nd/U mass ratio and total burnup measured experimentally was very similar to that of the calculation from the ORIGEN-S code. However, the relation between the Nd/U mass ratio, which is determined through IDMS, and the total burnup was different from that of the calculation from the ORIGEN-S code (Fig. 13) . This difference is caused by all the isotopic ratios of Nd obtained from the experimental results being corrected for the contribution of contamination with natural Nd, while the 142 Nd isotope including the decay chain of 142 Pr is not considered in the calculation.
Correlation between the burnup and cesium isotopes
The production of 134 Cs by neutron capturing on 133 Cs has long been recognized as an indicator of neutron fluence, and hence Pu production, and Pu/U mass ratio have been reported [1, 2, 5, 8, 10] . In this work, to fully explore other isotope correlations involving the 133 Cs isotope, all of the Cs samples isolated were analyzed using mass spectrometry. In all cases, the measured atoms of the radioactive isotopes were corrected for in-pile and out-pile decay. As a result, the measured atomic ratios are in good agreement with the calculated values, which were obtained by correcting the elapsed time for measurement with the values by the ORIGEN-S code. Table 9 . In addition, Cs activity ratios in the high burnup PWR fuel samples with similar initial enrichments of uranium determined by the gamma-ray spectrometric method, which were corrected for elapsed time from the end of irradiation to measurement. The correlation between the 134 Cs/ 137 Cs activity ratios calculated by the gamma-ray spectrometric method with total burnup, which is determined by the 148 Nd method, is also expressed with a good linearity by Eq. (21) in Table 9 .
Conclusions
A large amount of data including U, Pu, Nd, and Cs isotopic ratios together with burnup determination have been collected from different PWR fuels, various correlations have been tested, and many of them have yielded correlation coefficients in excess of 0.95. A number of relationships by U and Pu isotopic ratios may be used to confirm the stated information about the fuel (e.g., the reactor type, initial enrichment). These correlations by chemical analyses can be used for an estimation of the total burnup, 235 U burnup, 235 U depletion, 239 Pu buildup, Pu/U distributions, and isotopic compositions of different elements in the irradiated fuel, and for a consistency check of postirradiation examination. The use of all the Nd isotopes in the determination of the burnup for a nuclear fuel requires no increase in the workload for a chemical separation or mass spectrometric analysis. The advantage of considering a whole set of Nd isotopes lies in confirmation of the burnup value obtained by the 148 Nd monitor and a cross analysis of data by the isotopic correlation. The number of Cs atoms and their isotopic compositions obtained by the IDMS technique can be used to calibrate those by the radiometric method. Further correlation studies based on other heavy elements, stable fission products, and radioactive fission products will be performed in the future. N u c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 9 2 4 e9 3 3
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